The peroxonitrite anion (ONOO-) 
INTRODUCTION
When ligands bind to DNA, the ribose 3',5'-phosphodiester backbone is shielded from solvent. This limited solvent accessibility can be detected by the protection from cleavage exhibited in the presence of reagents that randomly cleave the backbone, either by enzymatic hydrolysis or chemical oxidation. When only one of the two strands in the duplex is end labeled, the ligand binding is revealed as a region of diminished intensity (a 'footprint') following separation, with single basepair resolution, by denaturing electrophoresis, and visualization of the reaction products by autoradiography. These procedures have collectively come to be accepted as 'footprinting'.
Footprinting was originally developed using the endonuclease DNase I as a probe for the occupancy of specific binding sites by proteins (1) . While DNase I produces a robust experimental signal, limitations to its use include the fact that it requires divalent cations for activity (2) and shows a noticeable degree of sequence specificity (3) . Binding proteins often completely block cleavage by DNase I within a binding site and 'footprints' frequently extend past the protein recognition sequences since DNase I (MW 30,400) is comparable in size to many DNA-binding proteins and must bind to the DNA in a specific configuration before cleavage can occur (4) . A footprinting probe at the opposite end of the size spectrum from DNase I is the hydroxyl radical (*OH). Fe-EDTA has been successfully used to generate OH via the Fenton reaction for footprinting free in solution (5) , tethered to an intercalator (6) or tethered to nucleic acids or proteins (7, 8) . The reactivity of OH shows little sequence specificity for free DNA (although it is sensitive to periodic sequence induced bending, (9) and, by virtue of its small size, is able to provide details of the protein-DNA interaction within the binding site (5) .
The peroxonitrite anion (ONOO-) is a stable species in alkaline solution that quickly generates a strong oxidant at neutral pH. A solid solution of potassium peroxonitrite (ONOOK) in potassium nitrate (KNO3) generated via photolysis, the 'Edwards-Plumb' reagent, was recently reported to mediate nonspecific cleavage of duplex DNA (10 (20, 21) were also made. The ONOOK solution was stored in 1 ml aliquots at -70°C. Such storage was found to result in a 20% decrease in ONOOK concentration over a three week period. Proteins and DNA. Bases 37459 to 38137 of the X genome containing OR were cloned from pKB252 (22) Brenowitz, in preparation) in order to provide clearer resolution of 0R upon denaturing electrophoresis. Stocks of the plasmid DNA were prepared by the alkaline lysis technique (23) followed by CsC1 centrifugation (24) and stored in aliquots at -70°C until use. The 590 bp Bgl II Hind III restriction fragment was singly end labeled at the Bgl II site with 32P-dCTP as has been described except that the till-in' reaction with the large fragment of DNA polymerase was conducted at OC C.
The cl-repressor used in these studies was prepared as previously described (25) (28) implementing the computer software originally described in (25) .
For hydroxyl radical footprinting with Fe-EDTA, mixtures of cI and 32P-labeled DNA were prepared as described for the DNase I titrations. The reactions were conducted essentially as described by Tullius and coworker-s (29 (30, 31) . This production of HCHO was used to assay the fr-action of trappahle (Fig. 1, lane 1) . The (38, 40) . 0 addition of ONOO-was adjusted so that -50% of the input DNA was nicked at least once using the experimental protocol described in Methods and Materials (data not shown). For a fixed concentration of ONOOK, a limitation to the maximum degree of cleavage that can be obtained is the need for sufficient buffering capacity to maintain the solution at neutral pH following addition of the reagent. Increasing the phosphate buffer beyond 25 mM resulted in a significant loss in electrophoretic resolution. Although samples can be de-salted prior to electrophoresis by G-25 'spin column' techniques, such a protocol is not desirable in a titration experiment. Substitution of 25 mM Tris buffer resulted in little to no detectable ONOO-cleavage of the radiolabeled DNA due to the efficient scavenging of -OH by this primary alcohol containing buffer (data not shown). Footprinting with ONOO-. A titration of OR with cI probed with ONOO-is shown in Fig. 1 (Fig. 2) . In addition, there is an asymmetry to the degree of protection within each site. Within each site, the upstream region is less well protected (Fig. 1) .
DISCUSSION
The protocol for the synthesis of ONOOK described in this paper has the inherent advantage of simaplicity, and generates final ONOOK concentrations of 80-90 mM. This concentration of ONOOK affords optimal DNA cleavage via additions of [2] [3] [4] [5] [6] [7] [8] [9] [10] ,ul. A quench flow reactor designed for the synthesis of unstable intermediate species, stabilized by deprotonation with strong base. has also been used to generate solutions of ONOOK (32 In addition to providing qualitative information regarding the binding of proteins to DNA, quantitative DNase I footprinting has been shown to yield thermodynamically valid, individualsite binding isotherms that describe the site-specific binding of proteins to one or more sites on the DNA. It has been concluded that DNase I 'samples', without perturbing, the equilibrium distribution of the binding protein with DNA rather than 'taking a snapshot' of the complex at a rate faster than the dissociation kinetics (25, 38, 39) .Because of the manipulations required for DNase I addition and quenching of the reaction, sampling times of less than 30 sec can not be reproducibly conducted and quantitative titration assays are routinely conducted with reaction times equal to or exceeding 2 min (Brenowitz et al., 1993) . Similar, or longer, reaction times are employed for Fe-EDTA footprinting (29) . Fe-EDTA experiments utilizing the Fenton reaction are typically conducted with reaction times of 2-10 minutes (29) . Shorter reaction times can be achieved, in principle, by increasing the concentration of Fe-EDTA. However, the need to separately add the Fe-EDTA, ascorbate and H202 solutions as drops on the side of a microfuge tube prior to initiating the reaction and the requirement for a separate solution to quench the reaction makes achieving reproducible reaction times of 2-5 sec technically very demanding, if not impossible. In contrast, the rapid decomposition of the oxidant formed via protonation of ONOOK, resulting in a -2 second half-life of ONOOH, makes it possible to examine cleavage events that occur in a much shorter time frame. The important feature of the peroxonitrous acid cleavage is that it can be initiated at a precise time by mixing a single reagent with the DNA-protein equilibration mixture and that it does not need to be subsequently quenched. Thus, ONOO-offers significant advantages with proteins that might be sensitive to the oxidation conditions required for Fenton chemistry as well as the potential for use in time resolved footprinting experiments. An additional benefit of ONOOK is that the amount of oxidant added can be quantitated directly by its UV absorbance, making it possible to add the reagent in reproducible amounts with a single volumetric addition.
The fact that DNase I, Fe-EDTA and ONOO-yield individual-site isotherms that are identical within experimental error, strengthens the argument that it is not necessary to probe protein-DNA interactions at a rate that exceeds the kinetic dissociation constant(s) of the binding reaction(s). In addition, the fact that * OH can be used to generate quantitative titrations suggests that determination of thermodynamically valid binding isotherms can be combined with detailed structural analysis of protein-DNA interactions. Such analysis may yield a better understanding of the role of the DNA in cooperative interactions among site-specific binding proteins.
The half-lives of site-specific protein-DNA complexes are highly sensitive to solution conditions, varying from seconds to tens of minutes. The ability to assay dissociation reactions is dependent upon the ability to sample the relative concentration of protein-DNA complex at a rate significantly faster than the rate of the dissociation reaction. The -2 sec half-life of ONOOH clearly has advantages in the analysis of systems having faster rates of dissociation. The reagent should also be useful in the analysis of association reactions that cannot be conducted under sufficiently dilute conditions to allow convenient analysis by other techniques. In addition, 'time-resolved footprinting' conducted with ONOOK will allow the separate analysis of individual proteins in multiple protein complexes.
